Background: Poor pulmonary function (PPF) is associated with increased risk of dementia, yet it is unclear if PPF in early adulthood to midlife increases risk, independent of smoking and subsequent vascular disease.
A lthough the human brain accounts for only 2.3% of our body weight, 1 it utilizes one fourth of our oxygen intake. 2 The brain is sensitive to oxygen availability, and respiratory conditions that result in reductions in oxygen to the brain can over time lead to decreased cognitive function. [3] [4] [5] Poor pulmonary function is an in vivo indicator of reduced oxygen uptake. Poor pulmonary function is associated with diminished cognitive function [6] [7] [8] and possibly dementia risk. 6, 7, [9] [10] [11] Recently, a large body of evidence has demonstrated that suggest that risk factors for dementia need to be evaluated in early adulthood to midlife, [11] [12] [13] [14] [15] [16] [17] long before neuropathologic changes have commenced, to establish temporality. To our knowledge, no prior study has evaluated PPF exclusively in adulthood to midlife in relation to long-term dementia risk. We examined if numerous markers of pulmonary function in a large diverse sample of individuals ages 35 to 50 is associated with an elevated risk of dementia more than 20 years later taking into account smoking and vascular disease.
METHODS

Study Population
This study follows members of Kaiser Permanente Northern California (KPNC), an integrated health care system with over 3 million individuals who are representative of the catchment area apart from the extremes of the income distribution. [18] [19] [20] We included individuals who were 35 to 50 years old when they participated in at least 1 check-up associated with the Multiphasic Health Checkups (MHC), a series of optional checkups offered to members in San Francisco and Oakland, California, in the 1960s and 1970s. During MHC visits, health questionnaires and clinical measurements collected information on demographics, lifestyle, pulmonary function, and cardiovascular health indicators.
We linked data from 33,045 members of KPNC who were 35 to 50 during a MHC visit between 1964 and 1973 to medical health records starting in 1996. We excluded 2797 individuals without any measures of midlife pulmonary function, 2736 individuals missing height measurements, 2 individuals missing information on sex, 110 individuals missing race/ethnicity, and 13 missing weight. A total of 27,387 individuals were eligible and included in these analyses.
This study was approved by the Kaiser Internal Review and conducted in accordance with the Helsinki Declaration of 1975.
Midlife Pulmonary Function
Midlife pulmonary function was assessed during MHC visits between 1964 and 1973 by measuring forced expiratory volume in 1 second (FEV 1 ), FEV in 2 seconds (FEV 2 ), and vital capacity (VC). FEV is the volume (liters) of gas exhaled during the first second or two of expiration. VC is the total volume (liters) of air expelled after the deepest breath possible. Pulmonary function measurements were captured using a Vertek VR5000 Lung Function computer (Electro/Med. Instruments, Houston, TX). 21 To better account for height and race, we also estimated percent predicted FEV 1 and VC based off reference spirometeric values from a sample of whites, African Americans, and Mexican Americans in the United States. 22 Although we do not know the ancestry of the Hispanic population in our sample, the US Census reported that 78% of California's Hispanic population in the 1970s were of Mexican descent. 23 The age, sex, and race specific equations incorporated information with regard to height and age to calculate predicted FEV 1 and VC. Percent predicted pulmonary function measures were then divided into quintiles.
Dementia Diagnosis
Dementia diagnoses between January 1, 1996 and September 30, 2015 were ascertained from inpatient and outpatient electronic medical records. Consistent with previous studies in this population [24] [25] [26] [27] the following International Classification of Diseases, Ninth Revision (ICD-9) diagnosis codes were used to define dementia: Alzheimer's disease (331.0), vascular dementia (290.4x), and other/nonspecific dementia (290.0, 290.1x, 290.2x, 290.3, 294.1, 294.2x, and 294.8). A similar set of codes had a sensitivity of 77% and a specificity of 95% compared with a consensus dementia diagnosis. 28 
Mortality
Death was obtained through KPNC electronic medical records, California State Mortality File, and Social Security Death records.
Covariates
Sex and educational attainment were captured in the 1964 to 1973 MHC questionnaires. Educational attainment was captured as the highest grade completed and was recoded as high school or less (versus more than high school). Height, a well-established predictor of pulmonary function, weight, and blood pressure were measured during the 1964 to 1973 MHC. Height and weight were combined to calculate body mass index (BMI) and hypertension status was defined using blood pressure thresholds based off recommendations from the Seventh Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC 7). 29 Late-life heart failure, stroke, and diabetes were defined as ICD-9 diagnoses (Supplemental Table 1 , http://links.lww.com/ WAD/A197) identified in the electronic medical records between January 1, 1996 and January 1, 1997, preceding any possible dementia diagnosis that may have also occurred during that time period. KPNC records provided information on self-reported race and ethnicity (white (reference), African American, Asian, Hispanic, and "other racial/ethnic identity") and age. Self-reported smoking was captured by MHC questionnaires and categorized as current, past, or never smoker. Missing indicators were used for missing information on midlife smoking (n = 3669).
Method of Analysis
We examined the distribution of pulmonary function measures, demographics, height, smoking, and health conditions in midlife and late-life by dementia status at end of follow-up. For each of the pulmonary function measures, we ran a series of Cox proportional hazards models (age as timescale) examining the association of both continuous and quintile forms of pulmonary function with dementia. The highest quintile (ie, best) was the reference group in analyses examining the association between quintiles of pulmonary function. We also examined the risk of dementia associated with being in the worst quintile of all pulmonary function measures (ie, worst quintile of FEV 1 , FEV 2 , and VC) compared with not being in the worst quintile for any of the pulmonary measures.
Covariates were added to Cox proportional hazards models in 2 groups since midlife and late-life health indicators may behave as mediators. All models adjusted for age (as timescale), demographics, and height, a strong predictor of pulmonary function. Next, we further adjusted for midlife health indicators (BMI, hypertension, and smoking status) and late-life health indicators (diabetes, stroke, and heart failure). Although BMI is comprised of height and weight, BMI and height are not closely correlated (Pearson correlation coefficient = 0.03) and it is common to concurrently adjust for both BMI and height when examining pulmonary function. 7, 10, 30 For all Cox proportional hazards models, individuals were censored at date of dementia diagnosis, death, the start of a membership gap lasting > 90 days, or the end of the study period on September 30, 2015.
We estimated and plotted the cumulative incidence of dementia associated with being in the worst versus best quintile of VC in 5-year increments from 10 to 35 years beginning at age 60. Estimates were conditional on survival free of dementia up to age 60. The Practical Incidence Estimator macro 31 was used to obtain these estimates, which incorporates information on death rates and assumes that individuals who die without a dementia diagnosis never develop dementia.
We examined possible effect modification of the relationship between pulmonary function and dementia by midlife smoking by contrasting estimated effects of quintiles of pulmonary function among midlife smokers versus midlife never smokers; individuals who reported past smoking at midlife (4835 individuals) were excluded from these analyses. We also tested for possible effect modification of the relationship between being in the worst quintile for all 3 measures and dementia by smoking.
In sensitivity analyses, Cox proportional hazards models were implemented to examine the relationship between quintiles of percent predicted FEV 1 and VC among whites, African Americans, and Hispanics in our sample. The highest quintiles reflected the best pulmonary function and served as the reference group. All models adjusted for age (as timescale), demographics, and height, and fully adjusted models also accounted for midlife and late-life health indicator.
RESULTS
On average, pulmonary function measures were taken when individuals were in their early 40s (mean age = 41.8 ± 4.2 y) ( Table 1 ). The mean FEV 1 , FEV 2 , and VC were 2.7 ± 0.8, 3.3 ± 1.0, and 3.5 ± 1.0 L, respectively. Overall, the sample was 67% white, 17% African American, 6% Asian, 6% Hispanic, and 4% were categorized as "Other racial/ethnic identity." At midlife, 35% reported being current smokers, 18% were past smokers, and 34% were never smokers. The mean age at the start of follow-up for dementia in 1996 was 69.8 ± 5.4 years old. At the end of follow-up, 7519 people (27%) received a dementia diagnosis, 8346 people died (30%), 4601 people (17%) were censored due to membership lapse, and 6921 people (25%) were alive, dementia free, and still members of KPNC.
For the 3 pulmonary function measures, each 1 L difference below the reference value was associated with 15% to 17% increased risk of dementia in models adjusting for demographics and height, and 13% to 14% in fully adjusted models ( Table 2 ). For all 3 pulmonary function measures, in minimally and fully adjusted models, there were strong dose-response associations between quintiles of pulmonary function and dementia risk with the lowest (ie, worst) quintile at the greatest risk of dementia. For example, in fully adjusted models, individuals in the first, second, and third quintile of VC were at 28% (hazard ratio [HR] = 1.28; 95% confidence interval [CI], 1.17-1.39), 20% (HR = 1.20; 95% CI, 1.11-1.30), and 13% (HR = 1.13; 95% CI, 1.05-1.22) greater risk of dementia than individuals in the best VC quintile. Individuals in the fourth quintile of VC were not at significantly greater risk of dementia (HR = 1.07; 95% CI, 0.99-1.16). In fully adjusted models, compared with not being in the worst quintile for any of the 3 pulmonary measures, being in the worst quintile for all 3 measures was associated with an 28% increase in dementia risk compared with individuals who were in the best quintile for the 3 measures (HR = 1.28; 95% CI, 1.16-1.41).
Estimates of the cumulative incidence of dementia were consistently higher for individuals in the worst quintile of VC compared with those in the best quintile (Table 3 and Fig. 1 ). The 30-year incidence of dementia among individuals in the worst quintile of VC was 35.7% (95% CI, 33.7%-37.3%) compared with 30.4% (95% CI, 28.3%-32.0%) for individuals in the best VC quintile. Overall, there was a dose-response association across quintiles of pulmonary function and cumulative incidence of dementia risk.
Although effect estimates of FEV 1 , FEV 2 , and VC quintiles tended to be slightly larger among midlife smokers than nonsmokers, there was little evidence of effect Among whites, African Americans, and Hispanics, there were strong dose-response associations between quintiles of percent predicted FEV 1 and dementia risk in minimally and fully adjusted models (Supplemental Table 2 , http://links.lww.com/WAD/A198). For example, adjusting for demographics, individuals in the first, second, and third quintile of percent predicted FEV 1 were at 20% (HR = 1.20; 95% CI, 1.11-1.29), 14% (HR = 1.14; 95% CI, 1.05-1.23), and 9% (HR = 1.09; 95% CI, 1.01-1.18) greater risk of dementia compared with those in the highest quintile of percent predicted FEV 1 . Individuals in the fourth quintile of percent predicted FEV 1 were not at significantly greater risk of dementia (HR = 1.00; 95% CI, 0.92-1.08). Individuals in the first and second quintile of percent predicted VC were at 24% (HR = 1.24; 95% CI, 1.15-1.34) and 14% (HR = 1.14; 95% CI, 1.05-1.23) increased risk of dementia compared with those in the highest quintile of percent predicted VC. Individuals in the third and fourth quintile of percent predicted FEV 1 were not at significantly greater risk of dementia (HR 3rd quintile = 1.00; 95% CI, 0.93-1.08; HR 4th quintile = 1.01; 95% CI, 0.94-1.09).
DISCUSSION
In this large longitudinal study, several indicators of midlife pulmonary function were consistently associated with dementia risk. A Each 1 L difference below the reference value of FEV 1 , FEV 2 , or VC was associated with 15% to 17% increase risk of dementia. There was a strong doseresponse relationship with individuals with FEV 1 , FEV 2 , or VC measurements in the lowest (ie, worst) quintile at the greatest risk of dementia. For example, individuals in the lowest quintile of VC were at 34% greater risk of dementia than individuals in the highest VC quintile. The 30-year cumulative incidence of dementia was 17% greater for individuals in the lowest VC quintile than those in the highest quintile. There was no evidence of effect modification by midlife smoking status. For FEV 2 , the worst quintile was associated with 28% greater risk of dementia for midlife nonsmokers and 30% for midlife smokers. In analyses restricted to whites, African Americans, and Hispanics, quintiles of percent predicted FEV 1 and VC, which better account for height and race, were inversely associated with dementia risk. Those in the worst quintile of percent predicted FEV 1 and VC were at 20% and 24% increased risk of dementia compared with those in the best quartiles in models accounting for demographics. To our knowledge, this is the first study to exclusively examine individuals 35 to 50 years old. In addition, this is the largest and most diverse sample in the United States in which this relationship has been examined, and includes 4620 African Americans, 1709 Asians, and 1733 Hispanics.
Our study is consistent with a body of research examining the longitudinal association between midlife pulmonary function and dementia risk. Guo et al 10 found that for every 1 SD increase in any of the 3 measures of pulmonary function (FEV 1 , VC, and peak expiratory flow) there was a decrease in the risk of dementia by about 25%. However, their sample was comprised of 1135 women older than 44 years at the time of pulmonary function measurement, limiting generalizability to younger adults and men. Studies have since shown an association between pulmonary function and dementia incidence among men and women aged 45 and 64 years, 6,7,10 although 1 study did not find Cumulative incidence estimates incorporate death rates and are conditional on survival free of dementia until age 60. The time period associated with the cumulative incidence estimates begins at age 60.
CI indicates confidence interval. evidence of a relationship. 11 The largest study examining the association between pulmonary function and dementia risk is a meta-analysis involving 54,671 people ages 16 to 100 that found that individuals in the worst quartile of pulmonary function were at double the risk of dementia mortality than those in the best quartile of pulmonary function. 32 The mechanisms underlying the association between poor pulmonary function and long-term dementia risk remain unclear. Poor pulmonary function is associated with dementia risk factors such as a proinflammatory state [33] [34] [35] and white matter hyperintensities. 36 Poor pulmonary function may increase dementia risk due to hypoxia and hypoperfusion. 10 Cerebral hypoxia is associated with oxidative stress, a possible trigger for neuroinflammation resulting in neuronal apoptosis. 37 Hypoxia alters the ability of the brain to metabolize glucose and glucose hypometabolism may lead to a reduction in dendritic synaptic density and neuronal degeneration. 38 Hypoxia may also increase tau hyperphosphorylation and the level of amyloid precursor protein that is then converted to Aβ, 38, 39 suggesting a direct role of hypoxia on neurodegenerative pathology. It is also possible that the association between pulmonary function and dementia is spurious and due to associations of cardiovascular disease, socioeconomic status, 40 and physical activity 41 with both pulmonary function and dementia risk. In the current study the association between pulmonary function and dementia persisted even after controlling for a number of both midlife and late-life cardiovascular risk factors and comorbidities (eg, blood pressure, heart failure, and stroke), suggesting that this is not a spurious association due to comorbid cardiovascular disease. Although we adjusted for educational attainment, residual confounding by socioeconomic status and other unmeasured confounders is possible. Smoking does not appear to explain the association between poor pulmonary function and dementia. Consistent with prior work, poor pulmonary function continued to have a strong dose-response relationship with dementia risk among nonsmokers in this sample. 10 Strengths of this study include a long follow-up and a well-characterized, large, diverse, sample, starting in their mid-30s. The MHC and the electronic medical records provide prospectively collected information on a wide range of midlife and late-life health indicators associated with pulmonary function, dementia, and cardiovascular health. In sensitivity analyses we calculated percent predicted pulmonary function to more carefully adjust for difference by height and race/ethnicity. Unfortunately, the reference predictive equations we implemented did not provide reference values for racial and ethnic groups other than whites, African Americans, and Mexican Americans. 22 Pulmonary function is associated with increased mortality risk and we were unable to assess if people who were censored due to death during follow-up would have otherwise developed dementia; this likely underestimated the true effect of pulmonary function on dementia risk. Lack of neuroimaging data restricted our ability to examine the structural cerebral differences associated with poor pulmonary function. Lastly, we were unable to examine possible biological pathways linking pulmonary function and dementia risk.
The results of this study suggest that pulmonary function is a strong predictor of dementia risk beginning in one's mid-30s independent of smoking, midlife and late-life cardiovascular risk factors, and other comorbidities. A doseresponse relationship with dementia risk was present for all 3 measures of pulmonary function among both smokers and nonsmokers. Further research is needed to delineate the neurobiological mechanisms through which poor pulmonary function elevates risk of dementia decades later. 
